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Abstract 
Electrochemical supercapacitors (SCs) have received much attention since their high power density, short charge/discharge 
duration and long cycle life. Heteroatom–doped carbonaceous materials have been investigated due to their exceptional 
electrochemical properties. In this study, boron–doped multi–walled carbon nanotubes (B–MWCNT) were synthesized by a 
novel ammonia–assisted substitution reaction. Argon atmosphere with ammonia was utilized as etching gas to create defects 
on MWCNT surface and boron trioxide was applied as boron source. The specific capacitance is much larger for the SC 
with B–MWCNT (40.00 F/g) than that with MWCNT (8.35 F/g), owing to the better conductivity for the former case. 
 
© 2014 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of ICAE 
 
Keywords: boron–doped multi–walled carbon nanotubes; heteroatom–doped effect; substitution; multi–walled carbon nanotube; 
supercapacitor 
1. Introduction  
Carbon materials have been widely applied on electrochemical supercapacitors (SCs) due to their stable 
physicochemical properties, good electronic conductivity, low cost, and long cycle life.[1 -6] Chemical 
doping of graphene with foreign atoms is one of effective approaches to tailor its electronic properties and 
chemical reactivities, and ultimately tune its mechanical and electrochemical properties.[7-11] Among the 
doping elements, boron is considered to be an excellent candidate for the chemical doping of graphene 
since it has only three valence electrons. Wang et al. reported better electrical conductivity for the boron–
doped graphene with 1.08% boron content.[12] Moreover, Wang et al. demonstrated an 1.6 times 
improved specific capacitance for boron–doped mesoporous carbon.[10] In this study, a novel ammonia–
assisted substitution reaction was applied to develop boron–doped multi–walled carbon nanotubes (B–
MWCNT). Argon atmosphere with ammonia was utilized as the etching gas for creat ing defects on the 
MWCNT surface and boron trioxide was used as the boron source. The specific capacitance and 
charge/discharge ability are much better for the SC electrode with B–MWCNT (40.00 F/g) than that with 
MWCNT (8.35 F/g). Cyclic voltammetry (CV), galvanostatic charge/discharge (GC/D) and 
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electrochemical impedance spectroscopy (EIS) were applied to analyze the SC performance.  
2. Experimental Section 
Ethanol absolute (ʁ 99.8%), Nafion® 117 solution (5 wt% in mixture of lower aliphatic alcohols and H2O) 
were purchased from Sigma–Aldrich, Inc. (St. Louis, MO, USA). Deionized water (DI–water) with a resistivity
ʁ18.2 MΩ–cm was produced by Purelab Maxima (ELGA, UK). All the chemicals were used as received 
without further treatment. MWCNT was synthesized by a metal–catalyzed chemical vapour deposition method 
(CVD). B–MWCNTs were synthesized by an atmosphere pressure carbothermal reaction conducted in the 
induction–heating system with a susceptor made of graphite. Boron trioxide powder, as the source of boron, 
was placed in an open sintered graphite crucible and then covered with the MWCNT. 10% ammonia (in argon 
atmosphere) was introduced to the system to create defects in the MWCNT. The reaction temperature was held 
at 1200 °C, and the reaction time was set for 4 h. A schematic representation of the synthesis of B–MWCNT 
was shown in Figure 1. The products were washed with double–distilled water and dried in vacuum at 60 °C. 
The solution, containing DI–water (3 mL), ethanol (2 mL), and Nafion® (60 μL), was ultrasonically mixed with 
different catalysts (6 mg), i.e., MWCNT or B–MWCNT to form the inks. Each ink was used for depositing the 
corresponding films (1 cm2) on carbon papers by a drop coating technique, which was followed by drying on a 
hotplate and cooling at room temperature. After drying, 30 mL Nafion® solution was dropped onto the 
electrode surface and dried at 100 oC in a vacuum oven for 2 h.[13] The mass loading of the active material was 
kept at 0.4 mg/cm2. Cold-field emission Cs-corrected transmission electron microscope (JEOL ARM-200F) 
with 200 keV acceleration voltage was used in microstructure analysis. Electron Energy Loss Spectrum (EELS) 
observations were performed. The energy resolution measured by the full width at half maximum of a zero-loss 
peak was about 0.4 eV through a cold field emission gun and the probe size is about 1.5-2 Å. The chemical 
bonding state of carbon materials was studied by X–ray photoelectron spectroscopy (XPS, VG ESCALAB 250, 
Thermo Fisher Scientific, UK) performed with a monochromatic Al Kα radiation (10 kV, 10 mA). Cyclic 
voltammetric (CV) experiments were carried out using a CHI900 electrochemical workstation (CH Instruments 
Inc., USA). The CV and GC/D were measured by a CHI 660C electrochemical workstation (CH Instruments 
Inc., USA) and carried out with a three–electrodes electrochemical system, by using an electrode of MWCNT 
or B–MWCNT as the working electrode, a Pt foil as the counter electrode, and an Ag/AgCl/sat’d KCl electrode 
as the reference in a 0.5 M H2SO4 aqueous solution, done between 0 and 1.0 V at a scan rate of 50 mV/s and at 
a specific current density of 0.5 A/g, respectively. Electrochemical impedance spectroscopy (EIS) was obtained 
by a potentiostat/galvanostat (PGSTAT 30, Autolab, Eco–Chemie, Utrecht, the Netherlands) equipped with an 
FRA2 module, and the frequency range explored was 100 kHz to 10 mHz. The applied bias voltage was set at 
0.1 V with the corresponding ac amplitude of 10 mV.[14] All the electrochemical experiments were conducted 
at room temperature. 
 
3. Result and discussion 
HRTEM images of B–MWCNT are shown in Figure 2a and 2b. The hollow structure of B–MWCNT 
was observed with a diameter of around 10 to 20 nm, and an individual B–MWCNT reveals the absence 
of amorphous carbon coatings on its sidewalls. The elemental mapping of boron obtained by EELS of an 
individual B–MWCNT is shown in Figure 2c. The red color in two sides is the brightest and densest, 
connoting that the boron doping sites are mainly distributed on the surface of B–MWCNT. XPS was 
employed to identify the chemical composition of MWCNT and B–MWCNT (Figure 2d). The peaks at 
around 190 and 285 eV, respectively assigning to B1s and C1s, were observed for B–MWCNT, while only 
a peak for C1s was obtained for MWCNT.[15, 16] A typical EELS spectrum recorded from an individual 
B–MWCNT is shown in Figure 2e, in which a strong C–K edge region and a weak B–K edge region are 
observed. Two obvious peaks shown in the C–K edge region represent the sp2–π bonding (287 eV) and the 
Figure 1. A schematic representation of the synthesis of B–MWCNT. 
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Figure 3 (a) CV curves at a scan rate of 50 mV s–1 and (b) 
GC/D curves at a charge/discharge current density of 0.5 A g–1 
of SC electrodes with MWCNT and B–MWCNT. 
  
 
sp2–σ bonding (294 eV) of carbon, respectively. Two relatively large peaks in the B–K edge region 
represent the sp2–π bonding (190 eV) and the sp2–σ bonding (198 eV) of boron, respectively.[17] These 
two peaks are powerful evidences for substantiating the incorporat ion of borons to the hexagonal carbon  
network by substitution.  
The electrochemical properties for the SC eletrodes with MWCNT or B–MWCNT as the materials are 
further examined. The specific capacitance, CF, was calculated from CV curves [18] shown in Figure 3a 
at a scan rate of 50 mV s–1. Galvanostatic charge/discharge (GC/D) tests were also performed in the 
potential of 0.5 V (vs. Ag/AgCl/KCl sat’d) to evaluate the CF values from the slope of the charge–
discharge curves [19] as shown in Figure 3b. The specific capacitance and charge/discharge ability are 
much better for the B–MWCNT SC electrode with the values respectively of 40.00 and 22.30 F/g, as 
compared to those for the SC electrodes with pristine MWNCNT (8.35 and 4.10 F/g, respectively), 
attributing to the higher surface area and better conductivity for the former case.  
 
Figure 4a shows the Nyquist plots for SC electrodes with MWCNT and B–MWCNT as the 
materials.[20] The Nyquist plot of MWCNT electrode exhibits a semicircle over the high frequency range, 
indicating its high interfacial charge–transfer resistance,[20] attributing to the poor electrical conductivity, 
while the semicircle at high frequency is not detected for B–MWCNT, suggesting its lower interfacial 
charge–transfer resistance. Ragone plots calculated from CV results [21] are shown in Figure 4b. In 
accordance with the capacitance performance calculated by CV and GC/D for MWCNT and B–MWCNT, 
the SC electrode with B–MWCNT exhibited higher energy density and power density than those of the 
electrode with MWCNT, suggesting the superior electrochemical SC performance for B–MWCNT. 
 
4. Conclusions 
A novel process was developed for doping B in MWCNT by introducing NH3 in the argon atmosphere. XPS 
and EELS indicated that B atoms were successfully doped into the hexagonal MWCNT’s network. STEM 
elemental mapping also revealed that B doping sites were mainly distributed on the surface of B–MWCNT. 
The SC with B–MWCNT shows higher CF (40.00 and 22.30 F/g), compared to prestine MWCNT (8.35 and 
4.10 F/g), obtained from CV and GC/D analyses due to its better conductivity, confirmed by EIS with smaller 
resistance; the better power and energy densities were also obtained in this case observed from Regone plots. 
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